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OMI, Magma degassingDirect and remotemeasurements of volcanic gas composition, SO2 ﬂux, and eruptive SO2mass from Bezymianny
Volcano were acquired between July 2007 and July 2010. Chemical composition of fumarolic gases, plume SO2
ﬂux from ground and air-based ultraviolet remote sensing (FLYSPEC), and eruptive SO2 mass from Ozone Mon-
itoring Instrument (OMI) satellite observations were used along with eruption timing to elucidate magma pro-
cesses and subsurface conditions, and to constrain total volatile ﬂux. Bezymianny Volcano had ﬁve explosive
magmatic eruptions between May 2007 and June 2010. The most complete volcanic gas datasets were acquired
for theOctober 2007, December 2009, andMay 2010 eruptions. Gasmeasurements collected prior to theOctober
2007 eruption have a relatively high ratio of H2O/CO2 (81.2), a moderate ratio of CO2/S (5.47), and a low ratio of
S/HCl (0.338), along with moderate SO2 and CO2 ﬂuxes of 280 and 980 t/d, respectively, and high H2O and HCl
ﬂuxes of ~45,000 and ~440 t/d, respectively. These results suggest degassing of shallow magma (consistent
with observations of lava extrusion) along with potential minor degassing of a deeper magma source. Gas mea-
surements collected prior to the December 2009 eruption are characterized by relatively low H2O/CO2 (4.13),
moderate CO2/S (6.84), and high S/HCl (18.7) ratios, along with moderate SO2 and CO2 ﬂuxes of ~220 and
~1000 t/d, respectively, and low H2O and HCl ﬂuxes of ~1700 and ~7 t/d, respectively. These trends are consis-
tentwith degassing of a deepermagma source. Fumarole samples collected ~1.5 months following theMay 2010
eruption are characterized by high H2O/CO2 (63.0), low CO2/S (0.986), and moderate S/HCl (6.09) ratios. These
data are consistent with degassing of a shallow, volatile-rich magma source, likely related to the May eruption.
Passive and eruptive SO2 measurements are used to calculate a total annual SO2 mass of 109 kt emitted in
2007, with passive emissions comprising ~87–95% of the total. Total annual volatile masses for the study period
are estimated to range from 1.1×106 to 18×106 t/year. Annual CO2masses are ~8 to 40 times larger than can be
explained by degassing of dissolved CO2 within eruptivemagma, suggesting that the eruptive magma contained
a signiﬁcant quantity of exsolved volatiles sourced either from the eruptive melt or unerupted magma at depth.
Variable total volatileﬂuxes ranging from ~3000 t/d in 2009 to ~49,000 t/d in 2007 are attributed to variations in
the depth of gas exsolution and separation from the melt under open-system degassing conditions. We propose
that exsolved volatiles are quickly transported to the surface from ascendingmagma via permeable ﬂow through
a bubble and/or fracture networkwithin the conduit and thus retain their equilibrium composition at the time of
segregation frommelt. The composition of surface CO2 andH2O emissions from 2007 to 2009 are comparedwith
modeled exsolvedﬂuid compositions for amagma body ascending from entrapment depths to estimate depth of
ﬂuid exsolution and separation from the melt. We ﬁnd that at the time of sample collection magma had already
begun ascent from the mid-crustal storage region and was located at maximum depths of ~3.7 km in August
2007, approximately 2 months prior to the next magmatic eruption, and ~4.6 km in July of 2009 approximately
ﬁve months prior to the next magmatic eruption. These ﬁndings suggest that the exsolved gas composition at
Bezymianny Volcano may be used to detect magma ascent prior to eruption.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.y, Geophysical Institute, University of Alaska Fairbanks, 903 Koyukuk Drive, Fairbanks, AK 99775, USA. Tel.: +1 907 978
-NC-ND license.
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1. Introduction
Bezymianny Volcano (55.972°N, 160.595°E, ~2951 m), is one of 12
volcanoes composing the predominantly basaltic Kliuchevskoi Volcanic
Group (KVG) (Fedotov andMasurenkov, 1991). It is one of themost ac-
tive volcanoes in Kamchatka, Russia (Fig. 1) and has erupted on average
once or twice per year since 1977 (Bogoyavlenskaya et al., 1991;
Braitseva, 1991). Bezymianny Volcano is well known for its 31 March
1956 catastrophic, directed-blast type eruption, which occurred follow-
ing ~6 months of precursory activity, after ~1000 years of quiescence
(Gorshkov, 1959; Braitseva, 1991). Activity since 1956 has been domi-
nated by extrusion of lava domes, effusion of lava ﬂows, passive
degassing, and explosive eruptions associatedwith the production of la-
hars, pyroclastic ﬂows, and ash clouds (Bogoyavlenskaya et al., 1991;
Girina, 2013). Eruptive products from Bezymianny Volcano from 1956
through 2010 have ranged from andesite to basaltic-andesite, and
have exhibited an overall decrease in SiO2 content with time from
~60.4 wt.% in 1956 to ~56.8% in 2010 (Turner et al., 2013). Bezymianny
Volcano is located on the southern ﬂank of the supposedly extinct
Kamen Volcano, and less than 10 km from the highly active
Kliuchevskoi Volcano (Figs. 1, 2), a ~5 km altitude basaltic volcano
known for its high rate of magma production (~60×109 kg/year or
~0.02 km3/year) (Fedotov et al., 2010). The high magma output of the
KVG, located tectonically at the Kamchatka–Aleutian junction, has
been proposed to be the result of slab tear of the subducting Paciﬁc
Plate to form a “slab window” to mantle asthenosphere (Levin et al.,
2002; Davaille and Lees, 2004). Seismic and petrologic models have
proposed a shared magma storage region between Bezymianny and
Kliuchevskoi Volcanoes at ~25–40 km depth that feeds a separate
mid-crustal (~6–20 km depth) storage region (Bogoyavlenskaya et al.,
1991; Fedotov et al., 2010; Thelen et al., 2010) where differentiation
of Bezymianny magma is thought to occur (Ozerov et al., 1997). More
recently, geochemical modeling results suggest that magma is stored
in two separate mid-crustal storage regions that are only partially evac-
uated during eruptions (Turner et al., 2013). An additional shallow
crustal storage region ~1–1.5 kmbeneath Bezymianny's craterwas pro-
posed for 2007 activity according to seismic data and supported by
T. López et al. / Journal of Volcanology anFig. 1. Location map of the Kamchatkan Peninsula, Russia, with Bezymianny and Mutnovsky
model (DEM) of Bezymianny Volcano and surroundings, with Bezymianny, Kamen and Kliu
while FLYSPEC sample locations are marked by red diamonds.petrologic data (Thelen et al., 2010; Shcherbakov et al., 2011); though
it is not known if this is a long-lived or transient feature. Several recent
studies suggest that cyclicmagma recharge and/or ascent is occurring at
depth beneath Bezymianny Volcano, speciﬁcally, (1) pulses of deep
(25–35 km) seismicity beneath Bezymianny and Kliuchevskoi Volca-
noes (Fig. 3), observed in the last ten years with durations of several
weeks to several months, have been interpreted to be the result of
melt segregation and ascent following eruptive activity (George,
2010); and (2) observations of plagioclase zoning in 2001–2007 erup-
tive products have been interpreted to indicate frequent recharge of
the magma storage region (Shcherbakov et al., 2011).2. Methodology
2.1. Direct fumarole sampling
Gases were sampled from Bezymianny's dome fumaroles using
300 mL, pre-weighed, evacuated, silica bottles, containing a 4 M
KOH and Cd(CH3COOH)2 solution, in a technique modiﬁed from
Giggenbach (1975). During sampling, SO2 dissolves in the caustic so-
lution, while H2S reacts in solution to form CdS precipitate. Samples
were analyzed in the laboratory at the Institute of Volcanology and Seis-
mology, Petropavlovsk-Kamchatsky, Russia. Head-space gases including
CH4, H2, N2, O2, Ar, and CO were analyzed using a gas chromatograph
LHM-80 (Kromatograf, Moscow). Liquid and solid phases representing
the absorbed gaseswere analyzed usingwet-chemistry and ion chroma-
tography (Gasochrom-3101; Kromatograf, Moscow). First, liquid and
solid phases were separated by centrifugation and the liquid phase
was split into sample aliquots. The liquid phase representing SO2 and
the solid phase representing H2S, were oxidized by H2O2 to form SO42−
in solution andwere analyzed by ion chromatography. Separate aliquots
of the liquid phasewere analyzed for CO2 (as CO32−) by acidimetric titra-
tion (using 0.1 M HCl), and for HCl (as Cl−) by ion chromatography.
Water was quantiﬁed by sample mass difference after subtraction of
absorbed gas masses. Analytical uncertainty is b5%.Volcanoes labeled. Insert: Shuttle Radar Topography Mission (SRTM) digital elevation
chevskoi Volcanoes labeled. Fumarole sample location is depicted by the black square
Fig. 2. Photo showing the proximity of Bezymianny Volcano (right) to Kamen Volcano (center), and Kliuchevskoi Volcano (left), with gas plumes visible from both Bezymianny and
Kliuchevskoi Volcanoes. Photo taken 3 December 2008 by Sergey Serovetnikov, Kamchatka Branch Geophysical Surveys.
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Fig. 3. Seismicity below Bezymianny and Kliuchevskoi Volcanoes from 2006 to 2011.
Eruptions of Bezymianny Volcano are labeled by black arrows and dashed lines,
while eruptions of Kliuchevskoi Volcano are labeled by gray dashed lines. Red arrows
mark the dates of fumarole sample collection. Pulses of deep seismicity (25–35 km
depth) have been interpreted to be the result of melt segregation and ascent (George,
2010). Seismic data from the Kamchatka Branch Geophysical Survey's catalog, courtesy
of Sergey Senyukov.
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Plume SO2 slant column densities (SCD) were measured using a
FLYSPEC ultraviolet (UV) spectrometer system (Horton et al., 2006) in
an application of the Lambert–Beer law (Platt and Stutz, 2008). Plume
spectra are ﬁt to on-site measurements of low (~500 ppmm) and high
(~1300 ppmm) SO2 calibration cell spectra over the wavelength region
of 305–315 nm to quantify absorbance of UV light by plume SO2. SCD
measurements were collected in both traverse mode, where vertical-
looking SCD measurements are collected from a helicopter ﬂying
below-plume traverses (e.g. Werner et al., 2013), and scanning mode,
where measurements are collected from a ﬁxed ground location by
scanning through the plume (e.g. Galle et al., 2002; Edmonds et al.,
2003a). In bothmethods a series ofmeasurements are collected perpen-
dicular to plume direction to acquire an SO2 SCD plume proﬁle. These
measurements are used along with the following equation, modiﬁed
fromWilliams-Jones et al. (2008) to calculate SO2 ﬂux (FSO2):
FSO2 ¼ vf∫c wð Þdw ð1Þ
where v is plume speed (m/s), f is a conversion factor
(0.0002302 t s ppm−1 m−3 d−1) to units of metric tons per day (t/d),
c is SO2 SCD (ppmm), and w is the plume width (m). Plume speed was
calculated using one of two methods. For most scanning measurements
simultaneous thermal imagery was collected using a Forward Looking
Infrared (FLIR) camera, where known pixel size and distance to plume
source were used along with plume parcel tracking methods
(Williams-Jones et al., 2008) to calculate plume speed. When thermal
imagery data were not available or for measurements collected in tra-
verse mode, wind speed was used as a proxy for plume speed and was
modeled for the location of Bezymianny Volcano using the HYSPLIT
model (http://ready.arl.noaa.gov/index.php) and GDAS1 (Global Data
Assimilation Systems 1) archived data for three hour intervals at
elevations ranging from ~2500 to 3000 m. Modeled wind speeds were
95T. López et al. / Journal of Volcanology and Geothermal Research 263 (2013) 92–107interpolated to determine the wind speed for Bezymianny's dome alti-
tude. For helicopter traverse measurements, plume width was deter-
mined using integrated GPS position measurements of plume entry and
exit with a plume detection threshold of ~10–20 ppmm SO2 depending
on signal/noise at the time of sample collection. For ground-based scan-
ning measurements, plume width was calculated according to basic trig-
onometry using the scan angles at the position of plume entry and exit
and the distance from sample location to plume.
Error estimates for SO2 ﬂux calculated using a scanning Correlation
Spectrometer (COSPEC) in a method similar to the FLYSPEC have been
estimated to range from ±13% for optimal conditions to ±42% for
poor conditions (Stoiber et al., 1983) with error in wind speed being
the major contributing factor. However, recent research ﬁnds that
error in SO2 SCD due to molecular scattering, previously thought to be
as low as ±10% (Millan, 1980) could be signiﬁcantly larger (Mori et
al., 2006; Kern et al., 2010). In a sensitivity analysis Kern et al. (2010)
highlight the complexities of radiative transfer processes on retrieved
SO2 SCD and determine the error due to individual sampling condition
components including distance to plume, vertical versus diagonal ge-
ometry, retrieval wavelength region, and plume opacity. For sample
conditions typical of our study at BezymiannyVolcano including sample
distance ≤5 km, wavelength region of 305–315 nm, and SO2 SCD
≤400 ppmm, Kern et al. (2010) ﬁnd error in retrieved SCD due to indi-
vidual components of ±25% to±80% for transparent to translucent
plumes, and error up to ±200% for opaque plumes. Lopez et al.
(2013) show that modeled wind speeds using the same methods
employed here agree with accurate wind circle method wind speeds
(Doukas, 2002) to within ±20 to ±110%, while error in wind speeds
(and/or plume rise rates) calculated using the plume parcel tracking
video method are estimated to be ±15 to ±31% (Williams-Jones et
al., 2008). We estimate error in plume width for scanning measure-
ments of ±2 to ±5°, equivalent to ±15 to ±24% for a plume at 5 km
slant distance. Additionally, changing wind direction (common during
the 2009 ﬁeld campaign), and low signal/noise due to low UV radiation
for morning, evening, or cloudy sample conditions would result in higher
error in plumewidth due to poor plume limit deﬁnition. Considering the
above we calculate total error (square root of sum of squares) due to un-
certainties in the independent factors of wind speed, retrieved SO2 SCD,
and plume width, and ﬁnd total error of ±33% for optimal conditions,
±88% for moderate conditions, and ±230% for poor conditions. We
attempted to excludemeasurements collected under poor sample condi-
tions from analysis and therefore assume a total error of ±88%.
2.3. OMI explosive SO2 mass
SO2 masses from explosive eruptions of Bezymianny Volcano, re-
ferred to as explosive SO2 masses, were calculated from satellite mea-
surements by the Ozone Monitoring Instrument (OMI) (Levelt et al.,
2006) using operational SO2 data products (OMSO2 downloaded
from: http://mirador.gsfc.nasa.gov/cgi-bin/mirador/collectionlist.pl?
keyword=omso2). Masses were calculated using the ﬁeld of view
function within Omiplot software (Carn, 2011) according to the Linear
Fit algorithm (Yang et al., 2007). Plume altitudes were estimated by
the Kamchatka Volcano Eruption Response Team (KVERT) according to
satellite and seismic data (Girina, 2012). The OMI a priori plume center
of mass altitude (CMA) product (Krotkov, 2011) that best corresponded
with the estimated plume altitude was used to determine eruptive SO2
mass. Accuracy of OMI SO2 masses are difﬁcult to determine due to:
(1) the inherent sampling differences between satellite (total mass in
metric tons) and potential validation measurements (ﬂux in t/d), and
(2) the relative paucity of coincident validation measurements. A com-
parison between airborne COSPEC and nearly coincident OMI measure-
ments at Redoubt Volcano, Alaska, found that OMI SO2 ﬂuxes were
lower than airborne COSPEC measurements in most cases by 28–40%
(Lopez et al., 2013), and therefore it is likely that the resulting OMI
eruptive SO2 masses represent conservative minimum estimates.3. Results
3.1. Timeline of volcanic activity and sample collection
Bezymianny Volcano erupted explosively on ﬁve occasions between
May 2007 and July 2010 (all dates reported as UTC) (Girina, 2013): 11
May 2007, 14–15 October 2007, 19 August 2008, 16 December 2009,
and 31May 2010 (Fig. 4). Additionally, analysis of seismic data suggests
that a small eruption (likely from a very shallow source) occurred on 25
September 2007, and a partial-dome collapse event occurred on 5 No-
vember 2007 (Thelen et al., 2010). From 2007 through 2010 four ﬁeld
campaigns were conducted at Bezymianny Volcano in which SO2 ﬂux
and/or fumarole composition were measured. Both fumarole composi-
tion and SO2ﬂuxweremeasured duringﬁeld campaigns in August 2007
and July 2009, SO2 ﬂux (only) wasmeasured in August 2008, and fuma-
role composition (only) was measured in 2010. OMI imagery captured
explosive SO2 masses from Bezymianny Volcano associated with the
14–15 October 2007 and 31 May 2010 eruptions. A summary of the
eruptive activity and gas sampling timeline is presented in Fig. 4.
3.2. Fumarole composition
The composition of major and trace gases sampled directly from
Bezymianny fumaroles in 2007, 2009, and 2010 in mmol/mol are
presented in Table 1. Ratios of select volcanic gases and dry-gas concen-
trations are shown in Table 2. Dry-gas concentrations represent volca-
nic gas concentrations normalized to exclude water, in an effort to
minimize secondary effects such as boiling of meteoric water and/or
condensation of volcanic H2O prior to sample collection (Giggenbach
and Matsuo, 1991). All samples were collected from the same approxi-
mate location on Bezymianny's dome (55.9739°N, 160.5927°E, 2830 m;
Fig. 1). Comparisons among 2007, 2009 and 2010 fumarole concentra-
tions are discussed below,where qualitative descriptors of high,moder-
ate, and low are used to illustrate the differences in gas composition
among the three years.
Two dome fumarole samples were collected on 17 August 2007with
outlet temperatures of 301 °C. These samples were characterized by
high average H2O and HCl concentrations (966 and 7.00 mmol/mol re-
spectively), moderate CH4, H2, and N2 concentrations (0.000365, 0.133,
and 11.8 mmol/mol, respectively), and low H2S, SO2, and CO2 concen-
trations (0.0130, 2.35, and 12.4 mmol/mol, respectively). These samples
appear to be signiﬁcantly air contaminated, according to the relatively
high concentrations of Ar (0.125 mmol/mol) and O2 (0.193 mmol/mol).
Two dome fumarole samples were collected on 26 July 2009.
These samples had the lowest relative outlet temperatures observed
with an average value of 235 °C. They are notable for their high aver-
age CO2, SO2, H2S, H2, and N2 concentrations (186, 28.3, 0.771, 0.360,
and 25.4 mmol/mol, respectively) and low H2O and HCl concentra-
tions (757 and 1.59 mmol/mol, respectively). Oxygen and Ar concen-
trations (0.357 and 0.300 mmol/mol, respectively) are suggestive of
signiﬁcant air contamination.
Only one dome fumarole sample was collected on 22 July 2010. This
sample had the highest observed outlet temperature of 313 °C and was
characterized by relatively high average H2O (965 mmol/mol), mod-
erate CO2, SO2, H2S, and HCl (15.3, 15.4, 0.145, and 2.55 mmol/mol,
respectively), and low CH4, H2, and N2 (2.67×10−6, 3.42×10−3,
and 1.50 mmol/mol, respectively). The relatively low Ar (0.0189)
mmol/mol) and O2 (0.0331 mmol/mol) concentrations suggest that
air contamination did not signiﬁcantly affect this sample.
3.3. Passive SO2 ﬂux
A total of 881 separate SO2 ﬂuxmeasurements were collected over
the three ﬁeld campaigns, with the signiﬁcant majority being collect-
ed in 2009 (n=850) when the addition of an automatic scanner for
the FLYSPEC enabled scans to be collected more efﬁciently compared
Fig. 4. Timeline of volcanic activity and sample collection at Bezymianny Volcano. Red and green arrows represent explosive eruptions and dome collapse events, respectively. Black
triangles, blue circles, and gray squares mark times of FLYSPEC, OMI and fumarole sample collection, respectively. Aviation color codes corresponding with Bezymianny's volcanic
activity are shown on the horizontal time lines, where Red indicates eruption is imminent, Orange represents heightened or escalating volcanic activity, Yellow indicates above
background activity, and Green (not shown) represents background activity (Girina, 2012).
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cessful helicopter traverse in 2008, all measurements were collected
in scanning mode within ~5 km from the dome (Fig. 1). The average
calculated SO2 ﬂux and standard deviation from FLYSPEC measure-
ments for the 2007, 2008 and 2009 ﬁeld campaigns were 280±
130 t/d (n=10), 140±90 t/d (n=21), and 220±200 t/d (n=
850), respectively. While average 2008 SO2 ﬂux values were lower
than observed in 2007 and 2009, they fall within one standard devia-
tion of 2007 and 2009 measurements, indicating no signiﬁcant differ-
ence in SO2 ﬂux among the three years. The standard deviations of the
measurements fall within the estimated error bounds, therefore, we
cannot distinguish volcano-related variability in these emissions.
Plume opacity and cloud cover likely contribute the largest sources
of error in SO2 ﬂux due to multiple scattering and dilution (Kern et
al., 2010). Kern et al. (2010) ﬁnd that scattering and dilution effects
are minimized (to −10%) for both vertical and diagonal measure-
ments of transparent plumes collected within 1 km from the plume.
Therefore, we consider a small sample of measurements collected
from the crater rim (~1 km from the plume) on 25 July 2009 to be
our most accurate measurements of the study period, with an average
SO2 ﬂux of 200 t/d. Good agreement between this value and the aver-
age SO2 ﬂux measured in the 2009 ﬁeld season of 220 t/d, as well as
the similar average SO2 ﬂux measured among the three years, sug-
gests that the average SO2 ﬂux values measured during individual
ﬁeld campaigns are fair representations of typical SO2 emissions.
3.4. Explosive SO2 mass
SO2 emissions associated with the October 2007 andMay 2010 ex-
plosive eruptions of Bezymianny Volcano were detected by the OMITable 1
Fumarole concentrations from Bezymianny Volcano.
mmol/mol Temper. H2O CO2 SO2 H2S HCl
2007 301 959 15.0 3.08 0.0220 9.23
2007 301 973 9.89 1.62 3.95E−03 4.76
2009 250 739 208 22.3 0.774 1.72
2009 220 775 165 34.3 0.769 1.46
2010 313 965 15.3 15.4 0.145 2.55
Average
2007 301 966 12.4 2.35 0.0130 7.00
2009 235 757 186 28.3 0.771 1.59
2010 313 965 15.3 15.4 0.145 2.55satellite sensor and explosive SO2 masses were calculated (Fig. 4).
Contemporaneous SO2 emissions from Okmok Volcano, Alaska,
prevented detection of Bezymianny explosive SO2 mass for the Au-
gust 2008 eruption, and poor signal/noise due to low high-latitude
winter UV radiation prevented OMI detection of explosive SO2 mass
from Bezymianny Volcano for the December 2009 eruption.
The ﬁrst explosive eruption at Bezymianny Volcano evaluated in
this study occurred on 14 October 2007 (Fig. 4). According to
KVERT, multiple phases of explosive activity occurred between
14:27 on 14 October and 14:00 on 15 October 2007, with maximum
plume altitudes ranging from 7 to 10 km (Girina, 2013). An OMI over-
pass at 01:26 on 15 October detected elevated SO2 and an SO2 mass of
1.1 kt was calculated for this image according to the OMSO2 7.5 km
CMA data product (Fig. 5a). A second OMI image acquired at 16 Octo-
ber 02:09 captured emissions from the second part of the eruption
and was used to calculate an SO2 mass of 4.8 kt (Fig. 5b). Good agree-
ment between OMI detected plume location for the image acquisition
times and HYSPLIT plume trajectory models for the altitude range es-
timated for the eruption clouds suggests that OMI detected unique
parcels of eruptive SO2 on both days and that “double-counting”
(i.e. counting residual plume parcels from previous images rather
than “new” SO2) was not a concern for this dataset. Considering
that the OMI images were acquired between 11 and 13 h after the ex-
plosive events, it is possible that some SO2 was lost due to chemical
reactions within the plume (Pfeffer et al., 2006; Bluth and Carn,
2008; Rodriguez et al., 2008) resulting in an underestimate of the ex-
plosive SO2 mass. We attempt to correct for this using the following
equation from Oppenheimer et al. (1998):
Mi ¼ Mf expk1 tf−tið Þ ð2ÞCO CH4 H2 N2 O2 Ar
4.14E−04 4.17E−04 0.215 13.4 0.215 0.141
3.12E−04 3.14E−04 0.0507 10.2 0.170 0.108
9.88E−03 2.34E−04 0.405 28.0 0.345 0.328
7.14E−03 1.92E−04 0.315 22.9 0.368 0.273
– 2.67E−06 3.42E−03 1.50 0.0331 0.0189
3.63E−04 3.65E−04 0.133 11.8 0.193 0.125
8.51E−03 2.13E−04 0.360 25.4 0.357 0.300
– 2.67E−06 3.42E−03 1.50 0.0331 0.0189
Table 2
Ratios and total dry-gas concentrations of relevant gas species for Bezymianny fumarole samples.
Temp. (°C) H2O/CO2 H2/H2O CO2a SO2a Total Sab HCla SO2/Total Sa CO2/Sab S/HCla CO2/HCla
2007 301 64.0 2.24E−04 36.3 7.46 7.51 22.4 0.993 4.83 0.336 1.62
2007 301 98.4 5.21E−05 36.9 6.04 6.05 17.8 1.00 6.10 0.341 2.08
2009 250 3.56 5.49E−04 79.4 8.54 8.83 0.657 0.966 8.99 13.4 121
2009 220 4.71 4.07E−04 73.2 15.3 15.6 0.649 0.978 4.69 24.1 113
2010 313 63.0 3.54E−06 43.8 44.0 44.4 7.30 0.991 0.986 6.09 6.01
Average
2007 301 81.2 1.38E−04 36.6 6.75 6.8 20.1 1.00 5.47 0.338 1.85
2009 235 4.13 4.78E−04 76.3 11.9 12.2 0.653 0.972 6.84 18.7 117
2010 313 63.0 3.54E−06 43.8 44.0 44.4 7.30 0.991 0.986 6.09 6.01
a From normalized dry-gas concentrations.
b Total S=SO2+H2S.
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K1 is the SO2 loss rate constant, tf is the timeof theOMI overpass, and ti is
the time of the eruption. We assume an SO2 loss rate of 2.8×10−6 s−1,
which was calculated by Hobbs et al. (1991) for Redoubt Volcano, Alas-
ka, a volcano of similar latitude and climate to Bezymianny Volcano.We
ﬁnd a corrected SO2 mass emitted during the two day period of explo-
sive activity at Bezymianny Volcano of ~6.6 kt (1.2+5.4 kt).
The ﬁnal explosive eruption of Bezymianny Volcano evaluated in
this study occurred ~6 months following the December 2009 erup-
tion on 31 May 2010 (Fig. 4) at 12:34 with a second pulse at 17:00
(Girina, 2013). OMI detected SO2 emissions from Bezymianny Volca-
no approximately 12 h after the eruption onset at 01:20 on 1 June
2010. We expect that SO2 from both eruptive pulses was captured
in this image. An SO2 mass was estimated from this image to be
~4.6 kt (Fig. 6) according to the 7.5 km CMA OMSO2 data product.
Following the methods described above, and assuming an average
plume age for the two eruptive pulses of 10.5 h, we calculate a
corrected SO2 mass for the two eruptive pulses of 5.1 kt. Additionally,
OMI detected elevated SO2 emissions from central Kamchatka in the
months preceding and following this eruption. It is possible that
these elevated SO2 emissions could be associated with pre- or
post-explosive effusive activity at Bezymianny Volcano, however we
cannot be certain of this as nearby Kliuchevskoi Volcano (Figs. 1, 2)
was also active at this time, producing Strombolian eruptions and
ash and gas plumes (Girina, 2012). Therefore we estimate the total
SO2 mass associated with the 31 May 2010 explosive eruption to be
~5.1 kt, but caution that elevated SO2 emissions from Bezymianny
Volcano may not be fully captured in our 2010 analysis due to simul-
taneous activity at Kliuchevskoi Volcano.
4. Discussion
4.1. Comparison of eruptive and passive degassing
Assuming that the SO2 ﬂux values measured during ﬁeld campaigns
are representative of typical passive degassing for the remainder of the
year, we calculate a total annual SO2 mass emitted from Bezymianny
Volcano and determine proportions of passive and eruptive emissions.
We consider the time period from July 2007 through July 2008, during
which only one minor to moderate-sized explosive eruption occurred
and we have both passive and explosive SO2 measurements. SO2 was
detected by OMI on two days following explosive activity with a total
explosive SO2 mass of 6.6 kt. We assume passive degassing emissions
of the average value measured during the 2007 ﬁeld campaign of
280 t/d SO2 persisted throughout the year producing an annual passive
SO2 mass of ~102 kt and calculate a total annual SO2 mass (passive and
explosive) of ~109 kt (Table 3). According to these assumptions we es-
timate that only ~6% of total SO2 emissions from Bezymianny Volcano
are emitted during explosive eruptions for years with minor to moder-
ate sized eruptions. Acknowledging the limitations in our measure-
ments, we can further reﬁne this estimation. A recent comparisonbetween OMI and airborne SO2 ﬂux at Redoubt Volcano, Alaska, found
that OMI underestimated SO2 ﬂux relative to airborne measurements
by 28–40% (Lopez et al., 2013). Assuming that OMI underestimates
eruptivemass in a similarmanner, we calculate a range of corrected ex-
plosive SO2 masses for the October 2007 eruption of 8400 to 9200 t.
These corrected values increase the percent explosive degassing to
7–8%. If we further acknowledge that the average passive SO2 ﬂux
may not be representative of the entire sample period, and calculate an-
nual passive emissions using one standard deviation above and below
the average (400 and 150 t/d SO2, respectively) along with the mini-
mum and maximum explosive SO2 mass estimates, we ﬁnd a range of
explosive SO2 of 5% to 13%. We conclude that passive degassing is the
primary degassing mechanism at Bezymianny Volcano comprising be-
tween 87 and 95% of total emissions in years with minor to moderate
explosive eruptions. These ﬁndings are in fairly good agreement with
studies conducted at other arc volcanoes with similar eruptive styles
such as Soufriere Hills Volcano, Montserrat, and Redoubt Volcano, Alas-
ka, that ﬁnd between 91–94% (Edmonds et al., 2001) and ~67% (Werner
et al., 2013) respectively, of emissions to be released passively.
4.2. Total volatile ﬂux
Flux for individual major volatile species and total volatiles (both
Fvolatiles in the equation below) were calculated for 2007 and 2009
using the average measured SO2 ﬂux (FSO2) and fumarole composi-
tion according to the following equation:
Fvolatiles ¼ FSO2
Mvolatiles  Xvolatiles
MSO2  XSO2
 !
ð3Þ
where MSO2 is the molecular weight of SO2 (64 g/mol), XSO2 is the av-
erage mole percent of SO2 in the fumarole samples, Mvolatiles is the
total molecular weight of the measured individual volatile species,
or the weighted average molecular weight calculated for major spe-
cies for the total volatile calculation, and Xvolatiles is the average
mole percent for either the major volatile species or total volatiles
(100%). This equation assumes that all measured gases are magmatic
in origin and that measurements collected during the ﬁeld campaigns
are representative of typical emissions. The results of these calcula-
tions ﬁnd a high total volatile ﬂux in 2007 of ~49,000 t/d and a low
total volatile ﬂux of ~3000 t/d in 2009 (Table 3). 2007 was the only
year in which gas composition, passive SO2 ﬂux, and eruptive SO2
mass were all measured, enabling the most complete total volatile
ﬂux to be calculated. The total volatile ﬂux from 2009 was based
only on passive emissions and is therefore considered an underesti-
mate. As described in detail in Section 4.3.4, we expect that the
large variation in total volatile ﬂux between these years could be
due to differences in the depth of gas exsolution and degassing from
magma at the time of sample collection. In this case, we assume
that the observed 2007 and 2009 total volatile ﬂuxes approximate
Fig. 5. OMI images of the explosive SO2 from Bezymianny Volcano for 14 (A) and 15 (B) October 2007 eruption pulses. Images were acquired on the days following explosive events.
Estimated SO2 masses from 7.5 km plume center of mass altitude OMSO2 data products corrected for SO2 loss are 1.2 and 5.4 kt for A and B, respectively.
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annual volatile mass of 1.1×106 to 18×106 t/year for Bezymianny
Volcano (Table 3). This range of values encompasses values estimated
for other persistently degassing volcanoes such as Mount Etna Volca-
no, Italy (~7.67×106 t/year) (Aiuppa et al., 2008), and Masaya Volca-
no, Nicaragua (~5.11×106 t/year) (Martin et al., 2010).4.3. Subsurface processes affecting gas composition and ﬂux
The surface composition of volcanic gases can be affected by sev-
eral deep and shallow processes that may complicate interpretation
of geochemical signatures. Deep processes that control volcanic gas
composition include the exsolution of volatiles; which is a function
Fig. 6. OMI image of explosive SO2 from Bezymianny Volcano on 31 May 2010 (image
from 1 June 2010). Estimated SO2 mass from 7.5 km plume center of mass altitude
OMSO2 data product corrected for SO2 loss is 5.1 kt.
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at depth; and the separation of volatiles from the melt (Giggenbach,
1996). Shallow processes include cooling and reequilibration of the
exsolved gases, interaction with hydrothermal and/or shallow water
systems, reactions with wall-rock minerals, and contamination by
air and/or air saturated water (Giggenbach, 1996). In the following
sections we aim to constrain the various processes inﬂuencing the
Bezymianny gas samples and, when possible, to use the geochemical
signatures of the volcanic gas emissions to reveal subsurface condi-
tions and magma processes.Table 3
Total estimated volatile ﬂuxes, explosive volatile masses, and total annual volatile masses f
H2O CO2 SO2 H2S HCl
Molecular weight (g/mol) 18 44 64 34 36.5
2007
Average composition (mol%) 97.6 0.862 0.168 8.88E−04 0.469
Passive ﬂux (t/d) 45,000 980 280 0.780 440
Annual passive gas mass (t) 16,000,000 360,000 102,000 290 160,00
Annual explosive gas mass (t)a 1,000,000 23,000 6600 19 11,000
Total annual passive and explosive
mass (t)
17,000,000 380,000 109,000 310 170,00
Total annual ﬂux (t/d)b 47,000 1000 290 0.85 470
2009
Average composition (mol%) 75.7 18.6 2.83 0.0771 0.159
Passive ﬂux (t/d)b 1700 1000 220 3.2 7.2
Annual passive gas mass (t) 620,000 370,000 80,000 1200 2600
No data for explosive gas mass (t) NA NA NA NA NA
Total annual passive mass (t) 620,000 370,000 80,000 1200 2600
Values in bold are measured, while remaining values are calculated.
a Assumes gas composition ratios are maintained during explosive eruption which is an
b Total annual ﬂux in 2007 includes passive and explosive emissions; because no explosi
ﬂux.4.3.1. Chemical signatures of air contamination
Bezymianny fumarole samples for 2007, 2009, and 2010 exhibit
geochemical trends consistent with air contamination. Speciﬁcally,
samples contain average N2/Ar of 94.4, 84.5, and 79.4, respectively,
values similar to that of air (84.5). These ratios are lower than
expected for arc volcanoes that typically have high N2/Ar ratios due
to contributions of nitrogen originating from subducted slab sedi-
ments (Giggenbach, 1996). These low N2/Ar ratios combined with
relatively high concentrations of O2, an atmospheric component that
is rapidly consumed during underground ﬂuid circulation and thus
should not be present in volcanic gases, conﬁrm that the Bezymianny
fumarole samples are affected by signiﬁcant air contamination, par-
ticularly in 2007 and 2009. The highly porous character of many vol-
canic domes facilitates interactions between volcanic gases and
ambient air, such that air contamination of dome fumarole samples
is expected. Atmospheric O2 can react with reduced volcanic gases
to modify their absolute concentrations measured at the surface
(Giggenbach, 1987); therefore interpretations of redox conditions
should be done with care. Considering total S, instead of SO2 and/or
H2S, can allow trends in gas composition involving S species to be
interpreted without concern for air contamination.
4.3.2. Chemical signatures of dilution or scrubbing by subsurface water
Interaction between magmatic gases and subsurface waters, includ-
ing shallowmeteoric water and/or a well-developed hydrothermal sys-
tem, can modify the original magmatic gas composition. Speciﬁcally,
boiling of meteoric water can provide an additional source of water
vapor and bias the surface emissions to higher water content (Chiodini
and Marini, 1998). Additionally, upon interaction with subsurface
water, the highly water-soluble magmatic gas species such as SO2 and
HCl (for pH>1) can be removed from the gas phase in a process
known as scrubbing (Symonds et al., 2001). The impact of these factors
will strongly dependon the volume ofwater in the subsurface relative to
the volume of magmatic gases (e.g. Vaselli et al., 2003; Capaccioni et al.,
2007;Werner et al., 2008), and the temperature and pH of the system at
depth (Symonds et al., 2001). The proportions of magmatic versus me-
teoric water can be distinguished within volcanic gas samples through
isotopic analysis of gas condensates (Giggenbach, 1992); unfortunately
these samples were not collected in our study and we therefore cannot
accurately constrain the inﬂuence of meteoric and/or hydrothermal wa-
ters on our samples. The high level of magmatic activity that occurs at
Bezymianny, likely prevents signiﬁcant hydrothermal systems fromor Bezymianny Volcano in 2007 and 2009.
CO CH4 H2 N2 O2 Ar
28 16 2 28 32 40
Total
2.42E−05 2.46E−05 8.90E−03 0.833 0.0244 8.86E−03 100
0.018 0.010 0.5 600 20 9.2 47,000
0 6.6 3.7 170 220,000 7400 3300 17,000,000
0.42 0.24 11 14,000 480 220 1,100,000
0 7.0 3.9 180 230,000 7900 3500 18,000,000
0.019 0.011 0.49 630 22 10 49,000
8.51E−04 2.13E−05 0.0360 2.54 0.0357 0.0300 100
0.029 4.20E−04 0.089 88 1.4 1.5 3000
11 0.15 32.5 32,000 510 540 1,100,000
NA NA NA NA NA NA NA
11 0.15 32.5 32,000 510 540.00 1,100,000
oversimpliﬁcation.
ve emissions were measured in 2009 total annual ﬂux is approximated by the passive
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of SO2 andHCl were observed during all ﬁeld campaigns suggesting that
scrubbing of water soluble species is not occurring. Furthermore, obser-
vation of SO2/total S ratios were consistently between ~97 and 100% for
all three years sampled, which would not be expected if hydrothermal
scrubbing were occurring due to the lower water solubility of H2S rela-
tive to SO2. These lines of evidence suggest that awell-developed hydro-
thermal system is not present at depth beneath Bezymianny Volcano.
4.3.3. Additional secondary processes affecting surface emissions
Following exsolution and separation from the melt, volcanic vola-
tiles that are quickly transported to the surface will retain their com-
position at depth, while volatiles that are transported slowly will
re-equilibrate with their surroundings (including melt, wall-rock, hy-
drothermal ﬂuids) and will reﬂect a modiﬁed composition. The equi-
librium relationships among volatile species within the SO2-H2S and
CO2-CO-CH4 systems can be used to constrain equilibrium tempera-
ture and redox conditions at depth, in the absence of secondary shal-
low processes and/or sampling artifacts. In addition to the previously
mentioned air contamination (Section 4.1.1), condensation of ele-
mental sulfur (Eq. (4)) is favored at low temperature, depletes H2S
twice as efﬁciently as SO2, and could have modiﬁed the SO2/total S
ratio from depth (Giggenbach, 1987):
SO2 þ 2H2S ¼ 3S þ 2H2O ð4Þ
Evaluation of CO–CO2 equilibria is hindered by incomplete analy-
sis of CO, as this species dissolves in the strongly alkaline sampling so-
lution to form formate and formic acids (Giggenbach and Matsuo,
1991). Considering the above, we focus our evaluation and interpre-
tations on the relative volcanic gas composition and ﬂuxes, and con-
sider total dry-gas concentrations (e.g. total S) when appropriate, to
minimize secondary effects and allow changes in this system over
the course of the study period to be evaluated.
4.3.4. Volatile exsolution, separation from the melt and degassing
Solubility trends of magmatic volatiles within an ascending
magma show that CO2 and to a lesser extent SO2 will exsolve at
greater depth than more soluble species, such as HCl, HF, and H2O
(e.g. Gerlach, 1986; Delmelle and Stix, 2000; Aiuppa et al., 2007;
Burton et al., 2007). If the volcano exhibits open-system degassing
behavior, where exsolved gases are able to separate from the melt
and then ascend through the magma to degas at the surface, it may
be possible to use the ratios of relatively insoluble to soluble gas spe-
cies from surface measurements to determine the relative depths of
gas exsolution and separation from the melt, in the absence of sec-
ondary affects (e.g. Burton et al., 2007; Edmonds and Gerlach, 2007;
Aiuppa et al., 2009). According to the relatively high CO2 emissions
observed in both 2007 and 2009, and the ubiquitous gas plume ob-
served (Fig. 2) it is likely that Bezymianny Volcano is dominated by
open-system degassing behavior. Considering the solubility trends
described above for an open-system degassing volcano and assuming
that secondary effects are minimal, we would expect the ratios of
CO2/H2O, CO2/S, S/HCl, and CO2/HCl to increase with recharge by a
relatively deep, volatile-rich magma and then to decrease as the
magma becomes increasingly more shallow and degassed. We evalu-
ate the gas composition and total volatile ﬂuxes from Bezymianny
Volcano in the context of these solubility trends and possible second-
ary affects, to elucidate magma degassing processes.
The composition of 2007 Bezymianny fumaroles is characterized
by relatively high H2O/CO2, and low CO2/H2O, S/HCl, and CO2/HCl ra-
tios, suggesting that those fumaroles were fed by a relatively shallow
and degassed magma source (Table 2). The moderate CO2/S value of
~5.5 is higher than exhibited at many Alaskan and Kamchatkan volca-
noes experiencing background activity levels (~1–2) (Werner et al.,
2011; Aiuppa et al., 2012), suggesting that in addition to degassingof relatively shallow magma in the upper conduit, there may also
have been an additional minor quantity of deeper magma degassing
at the time of sample collection. Because Bezymianny Volcano ex-
hibits open-system degassing behavior and attained a CO2/S of ~1
less than two months following eruption in 2010, we expect that
Bezymianny emissions quickly return to background levels in the ab-
sence of new degassing magma. In 2009, fumaroles show relatively
low H2O/CO2, high CO2/HCl and S/HCl ratios, and moderate total S
and CO2/S (Table 2). These compositional changes support the ascent
of hot volatile-rich magma from depth. In 2010 the H2O/CO2 ratio is
similar to that of 2007 and the CO2/S ratio is the lowest observed, sug-
gestive of a shallow degassing magma source. The S/HCl and CO2/HCl
ratios are intermediate with respect to those measured in 2007 and
2009, suggesting that the 2010 magma was: (1) shallower than ob-
served in 2009, and/or (2) less degassed than was observed in 2007
(Table 2). This appears reasonable, as the 2010 fumarole sample
was collected only ~1.5 months following the previous eruption
(compared to 3 months in 2007) and it is expected that these ratios
will decrease over time with further degassing.
Similar average SO2 and CO2 ﬂux values along with greater than an
order of magnitude decreases in H2O, HCl and total volatile ﬂux were
observed from 2007 to 2009 (Table 3). The decrease in total volatile
ﬂux is due primarily to a signiﬁcant decrease in fumarole H2O concen-
tration in 2009 compared to 2007 while SO2 and CO2 ﬂuxes remained
largely unchanged (Table 1). We have assumed in our calculations
that the fumarolic H2O is magmatic in origin. If in fact a signiﬁcant por-
tion of the measured H2O was non-magmatic in origin (e.g. meteoric),
the calculated total H2O ﬂux and resultant total volatile ﬂux will be
overestimated. In their multi-year study at Soufriere Hills Volcano,
Montserrat, a volcano of similar composition and eruptive behavior to
Bezymianny, Edmonds et al. (2001) ﬁnd that HCl is a reliable indicator
of shallow magma, such that HCl ﬂuxes b100 t/d indicate the absence
of shallow magma, while HCl ﬂuxes >100–200 t/d indicate the pres-
ence of shallow magma. Assuming that this indicator can be applied at
Bezymianny Volcano, then the observed HCl ﬂux of ~440 t/d in 2007
supports degassing of shallow magma, while the HCl ﬂux of ~7 t/d in
2009 supports the absence of shallow magma. While we cannot rule
out the possibility that boiling of meteoric water is contributing to
high total volatile emissions in 2007, we think that much of the varia-
tions in H2O ﬂux between 2007 and 2009 can be attributed to variations
in the depth of volatile exsolution and separation from the melt.
4.4. Comparison with Mutnovsky Volcano's volatile emissions
The variations in fumarole composition for the major volatiles
sampled from Bezymianny Volcano in 2007, 2009, and 2010 are
presented in Fig. 7, in comparison with fumaroles sampled from
Mutnovsky Volcano. Mutnovsky is an active volcano in southern
Kamchatka with a range in eruptive products from basalt to
rhyodacite, with its most recent magmatic eruption in 1848 having
basaltic eruptive products (Zelenski and Taran, 2011). Fumarole sam-
ples from Mutnovsky Volcano have been evaluated based on sample
location, with three groups speciﬁed including: Active Funnel (AF),
Upper Field (UF), and Bottom Field (BF), which have been interpreted
to be sourced from convecting magma, hydrothermal ﬂuids, and shal-
low degassed magma, respectively (Taran et al., 1992; Zelenski and
Taran, 2011). We compare the average composition of fumarole
gases from Bezymianny and Mutnovsky Volcanoes and use the simi-
larities and differences observed to help further constrain our inter-
pretations at Bezymianny Volcano (Fig. 7).
We have interpreted the Bezymianny 2007 fumarole samples to
be sourced from a shallow degassed magma, and therefore would ex-
pect similar compositional trends between these fumaroles and the
Mutnovsky BF fumaroles. We ﬁnd that the compositional trends
exhibited by Bezymianny 2007 and Mutnovsky BF fumaroles plot
quite similar on CO2-St-HCl and CO2-H2O-St ternary diagrams
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cases.
The Bezymianny 2009 fumarole samples have much lower H2O/CO2
and much higher CO2/S and dry-gas CO2 than the Mutnovsky AF fuma-
roles interpreted to be sourced from convecting magma (Fig. 7b);
(Zelenski and Taran, 2011). This suggests that the magma source for
the Bezymianny 2009 fumaroles may have been deeper than that of
the magma supplying gases to the Mutnovsky AF fumaroles (assuming
other conditions are similar). The Bezymianny 2009 fumaroles plot sim-
ilarly to the hydrothermally-sourced Mutnovsky UF fumaroles in Fig. 7a
though a hydrothermal source for the Bezymianny 2009 fumaroles was
disputed above. This apparent discrepancy is due to the fact that fuma-
roles sourced fromboth deepmagmaandhydrothermal systems can ex-
hibit high CO2 concentrations relative to SO2 andHCl (e.g. Giggenbach et
al., 1990; Burton et al., 2007). These similar trends can be explained by:Convecting
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Fig. 7. Ternary diagrams showing Bezymianny fumarole sample composition for 2007,
2009 and 2010: A) CO2-St-5HCl; B) CO2-H2O/50-5St (mmol/mol), where St (total S)=
SO2+H2S. Mutnovsky Volcanic and hydrothermal gases from Zelenski and Taran
(2011) are plotted for comparison. A) High CO2 relative to St and HCl in 2009
Bezymianny fumarole samples indicate degassing of a deeper magma, while moderate
to high HCl measured in 2007 and 2010 fumarole samples indicate degassing of
shallower magma. High relative CO2 is also seen for Mutnovsky UF fumaroles reﬂecting
hydrothermal degassing, where the high CO2 relative to St and HCl suggests scrubbing
of these water soluble species. B) High CO2 and St observed for 2009 Bezymianny fu-
marole samples relative to other years support degassing of a deeper magma source.
Similarities between Bezymianny 2010 and Mutnovsky AF fumarole compositions sup-
port interpretations of degassing of shallow volatile-rich magma sources; while simi-
larities between Bezymianny 2007 and Mutnovsky BF fumaroles supports degassing
of shallow, degassed magma. See text for details.(1) the lower magma solubility of CO2 relative to SO2 and HCl, allowing
CO2-rich gases to preferentially exsolve from deep magma; and (2) de-
pletion of SO2 and HCl relative to CO2 in hydrothermal environments
due the high water solubilities of these species. A signiﬁcant difference
in gas composition between Bezymianny2009 andMutnovskyUF fuma-
roles can be seen in the CO2-H2O-St ternary diagram (Fig. 7b) and high-
lights the importance of considering multiple gas species in order to
accurately interpret the source and secondary effects inﬂuencing gas
composition. The Bezymianny 2010 sample has a highly similar compo-
sition as Mutnovsky AF fumaroles (Fig. 7a, b) supporting a shallow and
volatile-rich magma source for the 2010 Bezymianny samples.
4.5. Model constraints on magma degassing
In the following sections we use a combination of the composition
and ﬂux of surface gas emissions and dissolved volatiles within melt
inclusions, and the VolatileCalc solubility model to: (1) estimate
melt entrapment depths, (2) identify degassing of excess volatiles,
(3) estimate the depth of gas separation from the melt, and (4) pro-
pose a model to explain magma degassing at Bezymianny Volcano.
4.5.1. Constraints on magma storage depths
Melt entrapment depths, estimated from volatile concentrations
within melt inclusions, can be used to estimate magma storage depths
if we assume that the melt is both trapped during storage and volatile
saturated at the time of entrapment. We further assume that magma
storage conditions at Bezymianny Volcano have remained fairly constant
in recent years such that the median rhyolitic melt composition
(71.1 wt.% SiO2) from 2006 may be taken as representative (Table 4).
We use the melt inclusion volatile concentrations corresponding with
the maximum and median CO2 concentrations of 910 ppm and
432 ppm CO2, respectively (Izbekov, Unpublished results). We use the
VolatileCalc solubility model (Newman and Lowenstern, 2002) to calcu-
latemelt entrapment pressures of 1660–2380 bars, whichwe convert to
6.5–9.4 km depth using a 2600 kg/m3 crustal density. This estimated
magma storage depth corresponds well with the model by Thelen et al.
(2010) which puts the top of a magma storage region at approximately
6 km depth according to seismic data, and with the model by Balesta
et al. (1977) which proposes a storage region center of mass at ~10 km.
4.5.2. Constraints on excess volatiles
Volcanic emissions that exceed the quantity of volatiles than can be
explained by degassing of dissolved volatiles within erupted magma are
referred to as “excess volatiles” and are commonly observed at arc volca-
noes (e.g. Gerlach et al., 1994;Wallace and Gerlach, 1994;Wallace, 2001;
Shinohara, 2008). The source of these excess volatiles can be explained by
an exsolved volatile phase that is sourced from the eruptive magma and/
or uneruptedmagma at depth. To identify the presence of excess volatiles
we calculate the mass of surface emissions that can be explained by
degassing of the dissolved volatiles within the erupted magma and com-
pare that value to the observed emissions masses for 2007 and 2009.We
focus our calculations on CO2 emissions for which we have fairly good
constraints on melt inclusion concentrations and because surface CO2
emissions were quite similar between ﬁeld observations in 2007 and
2009, which allows us to assume that average measured CO2 emissions
are representative of typical degassing at Bezymianny Volcano. Using
the following equation fromGerlach et al. (1994)we calculate the annual
mass of surface CO2 emissions (ECO2) that can be produced from the CO2
dissolved within the eruptive magma (CCO2):
ECO2 ¼ CCO2Vmρmϕm 10
−9
 
ð5:1Þ
where Vm is the volume of eruptedmagma (km3),φm is themelt fraction,
and ρm is the melt density. We calculate melt density of ~2600 kg/m3
based on the average melt composition of 2006 eruptive products from
Table 4
Mass balance constraints on magma degassing at Bezymianny Volcano.
Melt composition (wt.%) from 2006 Bezymianny eruptive productsa
Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O H2O CO2 Sb Ps (Bars) Ds (km)
Maximum 71.5 0.453 15.3 2.19 0 0.819 2.10 5.07 2.57 3.36 0.0910 0.0600 2380 9.4
Median 71.1 0.324 15.0 2.71 0 0.838 2.37 4.78 2.84 3.52 0.0432 0.0600 1660 6.5
Mass of surface emissions explained by dissolved volatiles at entrapment depths
2007 Ci (ppm) ρm (kg/km3) φm 2007 Vm,ec (km3) Ei,t/Ei,d (t) 2009 Ci (ppm) ρm (kg/km3) φm 2009 Vm,ec (km3) Ei,d (t)
H2O 33,600 2.60E+12 0.725 0.0254 1.61E+06 H2O 33,600 2.6E+12 0.725 0.00545 3.45E+05
CO2 910 2.60E+12 0.725 0.0254 4.36E+04 CO2 910 2.6E+12 0.725 0.00545 9.36E+03
Mass of excess volatiles
2007 Ei,t (t) Ei,d (t) Ei,e (t) Ei,t/Ei,d (t) 2009 Ei,t (t) Ei,d (t) Ei,e (t) Ei,t/Ei,d (t)
CO2 3.60E+05 4.36E+04 3.16E+05 8.3 CO2 3.70E+05 9.36E+03 3.61E+05 39.5
Combinations of magma CO2 concentration (dissolved and exsolved) and volume that can produce average surface CO2 emissions
Average Ci (ppm)† ρm (kg/km3) φm Ei,t (t) Vm,d (km3)‡ Vm,d Vm,e
CO2 910 2.65E+12 1 3.60E+05 0.1493 13
CO2 910 2.65E+12 0.725 3.60E+05 0.2059 18
CO2 910 2.65E+12 0.5 3.60E+05 0.2986 27
CO2 12,180 2.65E+12 1 3.60E+05 0.0112 1
CO2 16,799 2.65E+12 0.725 3.60E+05 0.0112 1
CO2 24,359 2.65E+12 0.5 3.60E+05 0.0112 1
aFrom P. Izbekov, unpublished data.
bFrom Tolstykh et al. (1999).
cFrom Zharinov and Demyanchuk (2011).
dCalculated using VolatileCalc model from Newman and Lowenstern (2002). See text for details.
γAs S in melt inclusion analysis.
Ps Saturation pressure calculated using dissolved H2O and CO2 concentrations in melt inclusions and the VolatileCalc solubility model (Newman and Lowenstern, 2002) assuming
P=915 °C.
Ds Saturation depth calculated from Ps assuming a 2600 kg/m3 crustal density.
Ci is the maximum observed melt inclusion concentration from Bezymianny eruptive products, for volatile species i.
ρm represents the density of degassing magma, assumed to be 2.6×1012 kg/km3 for andesitic magma at entrapment depths.
φm represents the melt fraction within magma. A value of 0.725 is assumed for entrapment depths from Tolstykh et al. (1999).
Vm,e represents the estimated volume of erupted magma from Bezymianny Volcano.
Vm,d represents the calculated volume of degassed magma from Bezymianny Volcano.
Ei,d represents the surface emissions of volatile i that can be produced by the disolved volatile concentration at entrapment depths based on melt inclusion data.
Ei,e represents the mass of volatile i exsolved at entrapment depths required to explain the observed surface emissions.
Ei,t represents the total observed surface emissions of volatile i.
†910 ppm is the maximum CO2 concentration observed in melt inclusions from Izbekov (unpublished data); the remaining values were calculated. See text for details.
‡0.0112 km3 is the average observed eruptive magma volume since 1956 from Zharinov and Demyanchuk (2011); the remaining values were calculated. See text for details.
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(1990), with FeO/Fe2O3 partitioning calculated after Kilinc et al. (1983).
An eruptive mass of 66×106 t from the October 2007 eruption deposits
is obtained from Zharinov and Demyanchuk (2011), which we convert
to dense rock equivalent (DRE) volumeof 0.0254 km3.We calculate aDe-
cember 2009 eruptive volume using: (1) an estimated ash mass
(0.5×106 t) from Zharinov and Demyanchuk (2011); (2) an extruded
lava volume of 3.9×106 m3 from Dvigalo (Unpublished results); and
(3) the areal extent of the pyroclastic ﬂow deposit (~2.0×106 m3) as es-
timated fromAdvanced Land Imager satellite imagery alongwith an esti-
mated deposit thickness of 2 m (Merkulova et al., 2010). Densities of
1770 kg/m3 and 2200 kg/m3 for pyroclastic ﬂow and lava ﬂow deposit
material (Zharinov andDemyanchuk, 2011) are used to convert observed
volumes into masses. Masses are then converted to DRE volume using a
density of 2600 kg/m3. A total volume of eruptive material from the 16
December 2009 eruption is estimated to be 0.00545 km3. To determine
the melt fraction, φmelt, of Bezymianny magmas at entrapment depths,
we use average phenocryst volume fraction calculated for 1974, 1979,
and 1985 Bezymianny eruptive products by Tolstykh et al. (1999) of
0.25–0.30 and ﬁnd a melt fraction range of 0.70–0.75 (by volume), with
an average value of 0.725. Using these input parameters we solve
Eq. (5.1) for the mass of CO2 that could be produced from dissolved CO2
within the eruptive magma (Table 4). We ﬁnd that 8 and 40 times
more CO2 was emitted from Bezymianny Volcano than can be explained
by degassing of dissolved volatiles within the eruptive magma in 2007and 2009, respectively (Table 4). Using estimates of average eruptive
magma volume, dissolved volatile concentrations, and assuming that
the averagemeasured CO2 ﬂuxes are typical of a given year we rearrange
Eq. (5.1) to solve for two end-member scenarios inwhich excess volatiles
are: (1) sourced entirely from the (average) eruptive magma as both
dissolved and exsolved volatiles (Eq. (5.2)), and (2) sourced entirely
from unerupted magma of similar melt composition to the erupted
magma (Eq. (5.3)):
CCO2 ¼
ECO2 10
9
 
Vmρmϕm
ð5:2Þ
Vm ¼
ECO2 10
9
 
CCO2ρmϕm
ð5:3Þ
We solve these equations assuming three possible melt fractions=
0.5, 0.725, and 1 for the degassed magma. The results of this exercise
show that high initial CO2 concentrations ranging from 12,600 to
25,200 ppm are required to explain surface emissions by degassing of
the eruptive magma volume with the measured dissolved CO2 concen-
tration; while to explain surface emissions by degassing of unerupted
magma requires between 13 and 27 times more degassed magma
than eruptive magma (Table 4).While we cannot determine the source
of excess volatiles at Bezymianny Volcano, we speculate that a
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phase may best describe excess volatiles at Bezymianny Volcano. Using
the average melt fraction of 0.0725 we calculate several combinations
of degassed magma and CO2 concentrations that could explain the ob-
served surface emissions (Fig. 8). A volatile budget conducted by Taran
(2009) found that ~7 times more magma intrudes than erupts in the
Kamchatka-Kurile Arc, suggesting that ratio of degassed to eruptive
magma of 7 would be expected at Bezymianny Volcano. Concentrations
of up to 1.7 wt.% CO2 have been found within plagioclase melt inclusions
from Mount St. Helens Volcano (Washington) (Blundy et al., 2010) and
calculated using analogous methods as described here for Redoubt
Volcano (Alaska). This suggests that a CO2 concentration up to 1.7 wt.%
(17,000 ppm) could be a reasonable upper limit for Bezymianny Volcano,
as these volcanoes exhibit similar dome-building eruptive activity as
Bezymianny Volcano. Considering the factors abovewe propose that sur-
face emissions at Bezymianny Volcano could be reasonably explained by
degassing of amagma volume ~7 times greater than the eruptive volume
containing a (dissolved and exsolved) volatile fraction of ~2400 ppmCO2
(Fig. 8), though acknowledge that other solutions are also possible.
4.5.3. Constraints on magma degassing depth
We previously proposed (Section 4.3.4) that the differences in sur-
face composition of Bezymianny gases between 2007 and 2009 can be
explained by variations in the depth of the degassing magma. Using
the VolatileCalc model (Newman and Lowenstern, 2002) we provide
quantitative estimates of the upper-limit degassing depths for the gas
compositions observed in 2007 and 2009. VolatileCalc calculates the
composition of an exsolved ﬂuid phase that would be present in equilib-
rium with melt of speciﬁed composition, temperature, and correspond-
ing pressure (Newman and Lowenstern, 2002), where the ﬂuid is
assumed to be composed solely of H2O and CO2. By comparing the
observed (normalized to only include CO2 and H2O) and modeled
exsolved gas compositions, we can estimate the upper limit equilibrium
degassing pressure. Using themedian 2006 CO2 andH2Omelt inclusions
concentration representing the proposed top of the magma storage re-
gion, a rhyolitic melt composition, and an estimated magma storage
temperature of ~915 °C (Shcherbakov et al., 2011), we run the
VolatileCalc degassing path model for three different scenarios in
which decompression during ascent induces degassing: (1) open-
system degassing, (2) closed-system degassing with no initial exsolved0.00
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Fig. 8. Figure depicting the range in degassed magma volume and/or dissolved and exsolved
done assuming a melt fraction of 0.725. The maximum dissolved CO2 concentration (910 pp
erage annual eruptive volume (0.0112 km3) for Bezymianny Volcano determined by Zharin
planation of the observed CO2 emissions, in which emissions are produced by a degasse
volatile fraction of ~2500 ppm, and mark this value with a black star.volatile phase present, and (3) closed-system degassing with an
exsolved volatile phase of 1 wt.%. We caution that because scenarios 1
and 2 do not contain an initial exsolved volatile phase, they cannot sus-
tain the observed surface emissions for more than ~3 days, such that
these model results can be used to help estimate the depth of volatile
separation from the melt but should not be used to constrain the most
likely degassing path. The modeled degassing paths can be seen in
Fig. 9 alongwith the calculated isobars correspondingwithmelt volatile
concentrations, and calculated isopleths for 98% and 80%H2O/totalﬂuids
representing the exsolved gas composition observed in 2007 and 2009,
respectively. If we evaluate the intersection of the degassing paths with
the exsolved gas composition for 2009 we ﬁnd equilibrium conditions
for the open-system degassing path corresponding with a pressure of
~1170 bars (~4.6 km), and for the closed-system (1% exsolved) path
corresponding with a pressure of ~800 bars (~3.2 km). Repeating
these calculations using the maximum CO2 melt inclusion concentra-
tion, representing the middle of the magma storage region as the initial
model conditions, results in a similar trends though lower correspond-
ing pressure of ~1070 bars for the open-system path and ~500 bars
for the closed-system (1% exsolved) path). The high H2O/total ﬂuids
observed for 2007 emissions, is higher than can be modeled by
VolatileCalc. If we extrapolate the degassing curves to where they
would likely intersect the 98% H2O/total ﬂuids isopleth curve, we esti-
mate a degassing pressure of ~900 bars or ~3.5 km for the open-
system curve and ~200 bars or ~0.8 km for the closed system (1%
exsolved) curve. We caution however, that if boiling of meteoric water
is contributing to surface emissions in 2007, then this depth estimate
may be biasing the exsolved gas composition to shallower-degassing
conditions. We ﬁnd that during 2007 and 2009 ﬁeld campaigns,
magma had already begun ascent from the mid-crustal storage region
and estimate maximummagma degassing depths of ~3.7 km in August
2007, approximately two months prior to eruption, and ~4.6 km in July
2009, approximately ﬁve months prior to eruption. These ﬁndings sug-
gest that at Bezymianny Volcano volcanic gas measurements may be a
useful tool to detect magma ascent prior to eruption.
4.5.4. Proposed model
Based on our observations and model results we propose the follow-
ing model to describe magma degassing at Bezymianny Volcano
(Fig. 10). First, we speculate that exsolved ﬂuids from magma within10,000 15,000
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Fig. 9. Equilibrium degassing behavior as a function of dissolved CO2 (ppm) and H2O (wt.%) melt concentrations. Isobars (gray lines), degassing paths (black lines) and vapor iso-
pleths (dashed black lines) corresponding with the observed gas composition in 2007 (98% H2O/total ﬂuids) and 2009 (80% H2O/total ﬂuids) are modeled using VolatileCalc (New-
man and Lowenstern, 2002). Three degassing scenarios, computed using the median 2006 melt inclusion volatile concentration as a starting point to represent the top of the magma
storage region, are shown: (1) open-system, (2) closed-system with 0% exsolved volatiles, and (3) closed-system with 1% exsolved volatiles. The intersection between the vapor
isopleths and the degassing curves provides a range of possible magma degassing pressures, with the open-system curve representing upper-limit magma degassing depths. See
text for details.
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magma, and due to their lower densities, ascend through the stored
magma and accumulate at the top of the mid-crustal storage region. We
envision that prior to eruptions at Bezymianny Volcano a batch of this
volatile-saturated magma begins ascent from the mid-crustal storage re-
gion to the surface (e.g. Scandone et al., 2007). The exsolved volatiles
within this magma represent a combination of decompression induced
gas exsolution from the host magma and an additional component of
previously exsolved volatiles sourced from deeper unerupted magma
(e.g. Roberge et al., 2009; Blundy et al., 2010; Edmonds et al., 2010).
The presence of un-eruptedmagma at depth beneath Bezymianny Volca-
no is consistent with the geochemical model proposed by Turner et al.
(2013) and the Kamchatka-Kurile volatile budget proposed by Taran
(2009). The accumulation of the lower density exsolved volatiles within
the ascending magma enables the exsolved volatiles to rise to the head
of the ascendingmagma batch and separate from themelt. Upon separa-
tion, the exsolved ﬂuids are able to quickly rise to the surface via perme-
able ﬂow through bubble and/or fracture networks within the conduit
(e.g. Eichelberger et al., 1986; Edmonds et al., 2003b; Tuffen and
Dingwell, 2005; Edmonds et al., 2010). This rapid ascent of the exsolved
volatiles prevents reequilibration with the surroundings and enables
the surface gas composition to reﬂect the depth of volatile separation
from the melt (Shinohara, 2008). This model is consistent with the ob-
served gas composition and the elevated seismicity leading up to erup-
tions. In particular, Thelen et al. (2010) interpret increases in low
frequency tremor observed prior to the October 2007 eruption of
Bezymianny to be due to the rapid ascent of gases within the conduit in
advance of juvenile magma.
5. Conclusions
Variations in measurements of fumarole composition, passive SO2
ﬂux, and explosive SO2 mass acquired between July 2007 and July
2010were used alongwithmelt inclusion data to estimate total volatile
ﬂux and constrain magma degassing processes at Bezymianny Volcano.
Total volatile ﬂuxes from Bezymianny Volcano during 2007 and 2009
ﬁeld campaigns are estimated to be 49,000 t/d and 3000 t/d,respectively, with an estimated range in annual volatile mass for the
study period of 1.1×106 and 18×106 t/year. Based on 2007 passive
and explosive SO2 emissions we ﬁnd that passive degassing is the pri-
mary degassing mechanism at Bezymianny Volcano with passive emis-
sions comprising 87–95% of total emissions for years with minor to
moderated-sized eruptions. We ﬁnd that ~8–40 times more CO2 was
emitted in 2007 and 2009 than can be explained by degassing of
dissolved volatiles within eruptive magma and propose that an
exsolved volatile phase sourced from either the eruptive magma or
uneruptedmagma at depth is contributing to surface emissions. Trends
in observed gas composition and volatile ﬂux, when considered in the
context of volatile solubilities, suggests that (1) Bezymianny is a pre-
dominantly open-system degassing volcano, and (2)much of the varia-
tion in gas emissions over time can be explained by the relative depth of
gas exsolution and separation from the melt. The most complete gas
datasets of this study were acquired pre- and syn-eruption for the
October 2007 and December 2009 eruptions, and these measurements
were used to elucidate subsurface conditions prior to eruption. 2007
gas compositional data and high H2O and HCl ﬂuxes collected
~2 months prior to the October eruption and ~3 months following
the May 2007 eruption, suggest degassing of predominantly shallow
degassed magma, plus a minor component of degassing by deeper
magma. 2009 gas compositional data and low H2O and HCl ﬂuxes ob-
served ~11 months following the August 2008 eruption and ~5 months
prior to the December 2009 eruption, suggest degassing of a deeper,
volatile-rich magma source. We speculate that the exsolved volatiles
within the ascending magma are able to separate from the melt and
then rise rapidly to the surface via permeable ﬂow through either bub-
ble or fracture networks within the conduit, such that they retain their
melt-equilibrium composition from depth. The compositions of H2O
and CO2 observed within 2007 and 2009 fumarole samples are com-
pared with the modeled exsolved ﬂuid composition for an ascending
magma to estimate the depth of gas exsolution and separation from
the melt at the time of sample collection. We ﬁnd that at the time of
sample collection in both 2007 and 2009magma had already begun as-
cent from the mid-crustal storage region with estimated maximum
depths of volatile separation and degassing from the melt of ~3.5 and
7 km
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flow through conduit
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Fig. 10. Interpretations of subsurface conditions at the time of sample collection for 2007 (A), 2009 (B), and 2010 (C) according to the gas composition and ﬂux measurements, and
model results. Ratios of H2O/CO2, S/HCl, CO2/S, and CO2/HCl and total volatile ﬂux are shown when available. Depths of magma storage from 6 to >9 km are estimated from seismic
data (Thelen et al., 2010) and are supported by estimated melt inclusion entrapment depths (Izbekov, Unpublished results). Estimated depths of volatile exsolution and separation
from the melt are calculated from the measured fumarole H2O and CO2 concentrations and the VolatileCalc model (Newman and Lowenstern, 2002). We propose that exsolved
volatiles are able to ascend rapidly to the surface from ascending magma via permeable ﬂow through interconnected bubbles and/or fractures within the conduit.
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composition could be a signiﬁcant monitoring tool to detect magma as-
cent prior to eruption at Bezymianny Volcano.
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